links among nearby (w2 Å) reactive groups (Orlando, 1 shows that all of the tagged commitment complex components were detectable on two endogenous in-2000) can potentially capture spliceosome assembly tron-containing genes, ECM33 and DBP2-GFP, in which events that occur cotranscriptionally. Indeed, we found the DBP2 gene was lengthened by tagging the DBP2 in previous work that cotranscriptional association of ORF with the green fluorescent protein (730 bp). These the U1 snRNP with intron-containing genes in Sacchargenes differ in their structure and therefore provide difomyces cerevisiae was detectable by chromatin immuferent sets of information (see gene diagrams in Figure noprecipitation (ChIP), in which cells are subjected to 1). DBP2 has a very long first exon (1273 bp) and long formaldehyde crosslinking prior to cell lysis, DNA intron (1003 bp), facilitating the separation of early shearing, immunoprecipitation, and PCR detection of events in splicing factor recruitment from pol II accupurified DNA fragments (Kotovic et al., 2003) . Thus, the mulation at the promoter. In contrast, ECM33 has a ChIP approach offers the possibility of monitoring furshort first exon and short intron, whereas the long secther events in spliceosome assembly with spatial and, ond exon (1348 bp) provides additional resolution in by inference, temporal resolution, as nascent RNA is downstream regions. synthesized by RNA polymerase II (pol II) from the beThe distributions of Mud2p and BBP, which bind diginning to the end of the gene.
rectly to 3# splice site intronic elements (the polypyriHere, we show by epitope-tagging endogenous genes midine tract and branchpoint, respectively) were idenencoding components of the U2 and U5 snRNPs, the tical, reaching maximum signals over gene regions that NTC involved in spliceosome activation, and the 3# coincided with the accumulation of the U1 snRNP ( levels at a position corresponding to the middle of the cotranscriptional spliceosome assembly was examined intron, whereas each of these factors was enriched in a strain bearing viable deletions of both subunits w20-fold at the ECM33 3# splice site as compared to of CBC (CBP20 and CBP80). Two opposing models for a region 500 bp upstream of the promoter. U1 snRNP, CBC function in splicing have been proposed: (1) that Mud2p, and BBP declined in downstream regions, re-CBC may promote early steps in splicing, such as comturning to very low levels in downstream regions of mitment complex formation and/or U1 snRNP recruitboth DBP2-GFP and ECM33. Figure 2 shows that all four of these tagged To extend these results to later steps in spliceosome assembly, we tagged endogenous genes encoding proteins accumulate cotranscriptionally. On DBP2-GFP, all three U5 snRNP components and Prp19p peaked at three components of the U5 snRNP (Prp8p, Brr2p, and Snu114p). In this context, we assume the U5 snRNP the most downstream position examined, w500 bp after the 3# splice site, reaching levels w10-fold (Brr2p marks the arrival of the U4/U6•U5 tri-snRNP and potentially remains until catalysis; due to the fact that the and Snu114p), w8-fold (Prp8p), and w15-fold (Prp19p) above promoter levels. On ECM33, all four proteins U4/U6 snRNP disassembles upon tri-snRNP addition to the spliceosome, we did not choose any U4/U6 snRNP reached their peak signals (w20-fold over upstream) Figure 1 ). Both graphs show that the patterns of late steps of spliceosome assembly. We carried out our assay in a viable strain lacking both CBC subunits, the U1 snRNP, the U2 snRNP, and the U5 snRNP are clearly distinct from one another. On DBP2-GFP, the on-CBP20 and CBP80 (Fortes et al., 1999a); any change in cotranscriptional spliceosome assembly must represet of accumulation of each snRNP is resolved, with the U1 snRNP peaking after 5# splice site synthesis, sent steady-state effects of CBC deletion. Components of the U1 snRNP (Prp42p), the U2 snRNP (Lea1p and the U2 snRNP after 3# splice site synthesis, and the U5 snRNP still further downstream. On both DBP2-GFP Msl1p), and the U5 snRNP (Prp8p and Brr2p) as well as BBP and Mud2p were epitope tagged in ⌬CBC and wt and ECM33, the loss of the U1 snRNP is coincident with the arrival of the U5 snRNP. On ECM33, the distincstrains. Figure 4 shows clearly that CBC deletion completely abolished cotranscriptional spliceosome astion between U2 and U5 snRNP accumulation is made clear by the prolonged detection of U2 prior to the arsembly on DBP2. U1 snRNP, U2 snRNP, U5 snRNP, and BBP levels were similar to background. Interestingly, rival of U5. Moreover, the distinct patterns of U1, U2, and U5 snRNP accumulation were also observed when Mud2p detection and pattern of distribution along DBP2 were indistinguishable from wt, suggesting that all steps of the ChIP were carried out in 50 mM salt , the three factors accumulate and peak sequentially. Along ECM33 (right), the U1 and the U2 snRNP distributions differ in downstream regions, and the pattern of U5 snRNP accumulation can be distinguished from both the U1 and U2 snRNPs. The peak value for each data set was set as 100%, the lowest as 0%. For the U2 snRNP data, Lea1p and Msl1p data were combined; for the U5 snRNP, Prp8p and Brr2p data were combined. Error bars represent the variation within data sets after this transformation. the DBP2 mRNA is transcribed at normal levels in the seven genes, the CBC is not required for commitment complex formation, yet CBC is required for the normal deletion strain and that the nascent RNA is at least parloss of the U1 snRNP and the appearance of the U5 tially available for binding to splicing factors. ConsissnRNP in downstream gene regions. In contrast to the tent with this interpretation, quantitative RT-PCR detecresults obtained on DBP2, these data support the protion of spliced and unspliced DBP2 RNAs indicated posal that CBC promotes the release of the U1 snRNP that overall DBP2 expression and splicing in the ⌬CBC and the subsequent association of the tri-snRNP strain is similar to wt (Table S1 available 
in the Supple-(O'Mullane and Eperon, 1998). mental Data with this article online). This implies that
Because CBC was required for proper cotranscrip-DBP2 pre-mRNA is posttranscriptionally spliced. Extional spliceosome assembly on all intron-containing pression of CBP20 and CBP80 in the ⌬CBC strain was genes examined, we tested whether CBC was sufficient sufficient to rescue U1 and U5 snRNP accumulation on for splicing factor accumulation on an intronless pol II DBP2, indicating that the cotranscriptional spliceogene. For this analysis, three positions within the 4536 some assembly phenotypes observed are attributable bp-long PDR5 gene and one position 500 bp upstream solely to the loss of the CBC subunits (Figure 4) . These of the promoter were examined. Although pol II was data provide direct evidence that CBC is required for detectable at the promoter (10-fold relative to upcotranscriptional accumulation of the U1 snRNP and stream) and downstream regions of PDR5 (w6-fold), BBP on DBP2, consistent with previous observations the U1 snRNP, BBP, the U2 snRNP, the U5 snRNP, and that CBC is a commitment complex component possiPrp19p were poorly detected at the PDR5 promoter bly required for U1 snRNP recruitment ( Figure 4 ). Finally, CBC deletion did not alter the detectwhen CBC was deleted. The wt distributions of U1 and ability of any splicing factor on PDR5, indicating that U5 snRNPs were restored upon induced expression of CBC alone is not sufficient for any aspect of cotranboth CBC subunits. Consistent with these results, rescriptional spliceosome assembly examined here. tention of the U1 snRNP and loss of U5 in ⌬CBC cells was also observed on RPS9A, RPS9B, RPS11A, and Discussion RPS11B genes (data not shown); splicing of RPS9A and RPS11B pre-mRNAs was shown to be blocked in Here, we have mapped the positions at which spliceosomal components accumulate cotranscriptionally this ⌬CBC strain (Fortes et al., 1999b) . Thus, on these within intron-containing genes in yeast. This was made possible by ChIP of tagged versions of U1, U2, and U5 snRNP-specific factors as well as the 3# splice site factors BBP and Mud2p and a component of the nineteen complex (Prp19p) involved in spliceosome activation. Making use of primer sets that distinguish between gene regions, we found that these components segregate spatially along the length of genes, falling into three separable patterns of accumulation. The first group of factors to associate with intron-containing genes comprises the U1 snRNP, BBP, and Mud2p, which peak following 5# splice site synthesis and later decline; this event is interpreted as commitment complex formation and precedes the accumulation of the U2 snRNP, which occurs shortly after 3# splice site synthesis. The U2 snRNP, in contrast to the commitment complex group, remains high in downstream gene regions and overlaps with the third and latest group detected, the U5 snRNP and Prp19p. CBC deletion was shown to abolish proper U5 snRNP accumulation on every gene examined by two different mechanisms discussed below. Taken together, these observations lead to two overall conclusions, diagrammed in Figure , 1996a) . Further, the CBC scriptional commitment complex formation. In the CBC deletion strain (Figures 4 and 7) , BBP and the U1, U2, was shown to facilitate U1 snRNP recruitment to the cap-proximal 5# splice site (Lewis et al., 1996b ). This and U5 snRNPs were undetectable on DBP2. Interestingly, Mud2p levels and distribution along DBP2 were evidence and the demonstration that CBC binds directly to the U1 snRNP (Fortes et al., 1999a) Deletion of both subunits of the CBC abolished comcruitment of either BBP or U2 snRNP. This suggests that the primary defect in commitment complex formamitment complex formation on DBP2. In wt strains, the snRNP distributions are identical; therefore, these results are in complete agreement with this alternative model of CBC function. Taken together, the data verify both proposed roles of CBC: one that promotes U1 snRNP recruitment on DBP2 and one that promotes U1 snRNP removal (Figure 7) . Current models of cotranscriptional splicing have focused on the possibility that the C-terminal domain of pol II directly binds to splicing factors and thereby promotes the efficiency of splicing (Maniatis and Reed, 2002; Zorio and Bentley, 2004). Our evidence that the CBC couples splicing to transcription raises the additional possibility that CBC directly recruits splicing factors to transcription units. If so, splicing factors may accumulate on intronless as well as intron-containing genes. In a previous study, we found that the U1 snRNP was not associated with intronless genes (Kotovic et al., 2003) . Analysis of all of the splicing factors studied here on the intronless PDR5 gene revealed that none accumulated on PDR5, with the exception of Mud2p, which was present on the PDR5 promoter at levels 4-fold higher than the upstream untranscribed region. This level of association was unaffected by CBC deletion, indicating that in no case was CBC sufficient for splicing factor accumulation. Mud2p accumulation on PDR5 may well be due to interactions with pol II (Ujvari and Luse, 2004); however, the dynamic further accumulation of Mud2p within intron-containing genes (e.g., 20-fold above upstream in ECM33) was not observed on PDR5. We propose that introns specify the dynamic sibility that CBC promotes cotranscriptional spliceolonged and the U5 snRNP was nearly undetectable on some assembly and thereby influences the kinetics of these and four other genes (Figures 5 and 7) . These splice site selection is worthy of investigation. Clearly, data are reminiscent of results in HeLa nuclear extracts further experiments are now necessary to determine depleted of CBC, in which formation of early splicing whether the CBC also couples splicing to transcription complexes was normal but later steps were strongly in higher organisms. 
